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Extrusion Limits of Magnesium Alloys
DALE L. ATWELL and MATTHEW R. BARNETT
Magnesium alloys are generally found to be slower to extrude than aluminum alloys; however,
limited quantitative comparisons of the actual operating windows have been published. In this
work, the extrusion limits are determined for a series of commercial magnesium alloys
(M1, ZM21, AZ31, AZ61, and ZK60). These are compared with the limits established for
aluminum alloy AA6063. The maximum extrusion speed of alloy M1 is shown to be similar to
AA6063. Alloys ZM21, AZ31, ZK60, and AZ61 exhibit maximum extrusion speeds 44, 18, 4,
and 3 pct, respectively, of the maximum measured for AA6063. For AZ31, the maximum
extrusion speed is increased by 22 pct after homogenization and by 64 pct for repeat extrusions.
The variation in the extrusion limits with changing alloy content is rationalized in terms of
diﬀerences in the hot working ﬂow stress and solidus temperature.
DOI: 10.1007/s11661-007-9323-2
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I. INTRODUCTION
IT is reported that magnesium alloys are generally 1/3
to 2/3 slower to extrude than aluminum alloys.
[1] This
makes a signiﬁcant contribution to the cost of produc-
tion. Both hydrostatic[2–6] and indirect[4,6,7] extrusion
methods have been employed to permit magnesium
alloys to be extruded at higher rates. Nevertheless, direct
extrusion is very common, and improved knowledge of
the performance of magnesium in this process is
expected to lead to alloys with enhanced extrudability.[8]
An eﬀective means of assessing relative extrusion rates
is the extrusion limit diagram. These have been used to
describe the extrusion performance of a number of
aluminum alloys,[9–14] but the approach appears to
have been applied to magnesium alloys only in a few
cases.[15–18] Despite the infrequent use of the full limit
diagram, the degree to which the maximum extrusion
speed of the Mg-Al-Zn alloy series is raised by lowering
the aluminum or zinc level has been quantiﬁed in a
number of cases.[16,18–20] As expected, lowering these
alloying additions also comes at a cost to the mechanical
performance of the product.[4] In contrast to this, it has
been shown that manganese additions improve mechan-
ical properties without signiﬁcantly lowering the extru-
sion speed.[18,20] Furthermore, in the Mg-Zn-Zr alloy
series, the addition of zirconium actually increases the
extrudability by raising the solidus temperature.[21]
There are also a limited number of cases where the
extrusion performance has been compared for isolated
alloys.[2,3,5,22–25] Systematic comparison over a range of
alloys does not appear to have been carried out.
The present work aims to quantify the extrusion speed
limits for key wrought magnesium alloys using a
laboratory scale extrusion press in a manner that allows
the eﬀects of the diﬀerent alloying additions to be
assessed. A common fast extruding 6XXX series alumi-
num alloy is also examined for comparison.
II. EXPERIMENTAL METHOD
The billets used in this investigation measured
Ø30 mm · 20 mm and were of the commercial magne-
sium alloy grades M1, ZM21, AZ31, AZ61, and ZK60,
and the aluminum alloy AA6063. The chemical compo-
sition of the magnesium billets is shown in Table I. The
M1,ZM21,AZ31, andAZ61 alloy billets were acquired in
the extruded (wrought) condition. These should be
thought of as being in a homogenized state. This
condition can also be considered to replicate the ﬁrst
stage of a two-stage extrusion process, which is not
uncommon for many magnesium alloys.[7] The AA6063,
ZK60 alloys and an additional sample of the AZ31 alloy
were acquired as billets in the cast condition.
The cast AA6063 billets were given a standard[26]
homogenization heat treatment by soaking at 580 C for
6 hours followed by step cooling at 275 C for 2 hours.
The cast ZK60 and cast AZ31 billets were given
homogenization heat treatments at 430 C for 8 hours
and 400 C for 48 hours respectively in a protective
argon atmosphere. Following homogenization, all bil-
lets were removed from the furnace and cooled to room
temperature in still air. AZ31 billets were each extruded
in the as-cast, homogenized, and wrought states in order
to illustrate the impact of billet preparation on the
extrusion limits.
The M1 billet contained a bimodal microstructure
with very large elongated grains (up to 1 mm in length)
that were surrounded by necklaces of ﬁner grains
(Figure 1). The wrought alloys ZM21, AZ31, and
AZ61 displayed a homogenous microstructure with
equiaxed grains of 47, 23, and 15 lm, respectively
(average linear intercept length). The cast AZ31 and
ZK60 billets displayed average linear intercept lengths
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of 316 and 87 lm, respectively. Homogenization
provided a detectable reduction in the population of
intermetallic particles but no obvious change in the
grain size.
Direct extrusion was performed using the laboratory
rig shown schematically in Figure 2. The rig was housed
in a servo-hydraulic testing frame with a 350 kN load
capacity providing a maximum ram pressure limit of
512 MPa.
The billet, die, and container were heated in situ
using electric heating elements and the billets were
allowed to soak at the test temperature for 5 minutes
prior to extrusion. The temperature was measured in
the container using a thermocouple. A calibration
curve was employed to establish the billet temperature
from knowledge of the container thermocouple tem-
perature. The billet surface was coated with a molyb-
denum disulﬁde based dry solid ﬁlm lubricant to assist
ejection of the discard. A 0.25-mm radial clearance
between the stem and the container wall meant that the
billet surface was retained as a skin with the discard
after extrusion.
The proﬁle extruded was a solid Ø5.4-mm round rod
(which gives an extrusion ratio of 30) using a ﬂat faced
die with a 90 deg entry angle and 1 mm parallel die land.
The initial billet temperature and ram speed were varied
to determine their eﬀects on the extrusion pressure and
the extruded surface. The measured ram displacement
was adjusted to account for the elasticity of the rig.
The extrusion temperatures employed ranged from
250 C to 620 C at ram speeds up to 40 mms-1. This
enabled near industrial extrusion speeds to be consid-
ered. Ram speeds slower than 1 mms-1 were not




Examples of typical extrusion ram pressure and speed
traces are shown in Figure 3 for homogenized AZ31 and
AA6063 billet. These traces are typical of aluminum and
magnesium alloys undergoing direct extrusion. Of note
is the higher peak for magnesium compared to alumi-
num despite similar pressures at higher displacements.
The speed trace attains the set value after a short
transient. The attainment of the desired speed often
coincided with the peak in the pressure curve.
To describe the variation in the peak pressure, P, with
extrusion conditions, the Zener–Holloman parameter,
Z, was evaluated according to




where the strain rate, _e, is given by[16]
Fig. 1—Microstructure of the M1 billet.
Table I. Compositions of the Magnesium Alloys Tested
(Weight Percent)
Alloy Mg Al Zn Mn Zr
M1 ~bal — 0.02 1.62 —
ZM21 ~bal 0.01 2.2 0.8 —
AZ31 (cast) ~bal 2.87 0.83 0.45 —
AZ31 (wrought) ~bal 2.83 0.86 0.73 —
AZ61 ~bal 6.0 0.99 0.26 —
ZK60 ~bal — 5.40 0.01 0.59
Fig. 2—Sectioned schematic representation of the extrusion rig.





where T is the billet temperature (not corrected for
deformation heating), Q is the apparent activation
energy for deformation (the activation energy for self-
diﬀusion in magnesium of 135 kJ/mol[27,28] was used for
the magnesium alloys and 141.55 kJ/mol[9] was used for
AA6063), R is the extrusion ratio, VR is the ram speed,
and DB is the billet diameter.
The reader should note that Q is expected to actually
vary with temperature and alloy content.[29] A standard
value of Q was chosen to permit the inﬂuence of the
deformation conditions and the alloy content on peak
pressure to be plotted on a single plot. This assumption
introduces an error that is negligible given that this
approach also ignores the eﬀect of deformation heating.
Despite these simplifying steps, the peak pressure
scales quite well with the values of Z obtained (Fig-
ure 4(a)). The relationship is best described with a
logarithmic law:
P ¼ c1Ln Zð Þ þ c2 ½3
where c1 and c2 are empirical constants.
The inﬂuence of alloy composition on extrusion
pressure is captured in Figure 4(b), which shows the
trend lines obtained from plots similar to Figure 4(a). It
is apparent that the inﬂuence of the deformation
conditions on the peak pressure is, in general, consistent
across all the magnesium alloys. The intensity of the
eﬀect of Z is, however, stronger in the magnesium alloys
than in the aluminum alloy (AA6063). The values of Q
used here for the two metals are suﬃciently similar for
this phenomenon to be taken as a real eﬀect. Thus, it is
evident that magnesium alloys display an increased
sensitivity of the extrusion pressure to speed and
temperature than for aluminum alloy AA6063. It is
also clear that the magnitude of the peak pressure varies
with alloy content. Generally, the leaner magnesium
alloys generate lower peak pressures. For most of the
conditions examined, the magnesium alloys displayed a
higher peak pressure than the aluminum alloy
(AA6063).
B. Extruded Surfaces
The surface condition of the extrusions was exam-
ined visually to determine the limiting speed for crack
initiation. Examples of the surfaces generated from the
homogenized AZ31 billet are presented in Figure 5.
Fig. 3—Typical pressure-displacement trace with corresponding ram
speed for homogenized AZ31 and AA6063 billet at an initial billet
temperature of 375 C.
Fig. 4—Inﬂuence of the Zener–Holloman parameter on the peak pressure: (a) AZ31 (homogenized) and (b) summary of trends.
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With increasing speed or temperature, a condition was
eventually reached where surface cracking was
observed. This is consistent with the phenomenon of
hot shortness.[9]
All the extruded surfaces showed the presence of
minor die lines, which appear exaggerated in the high-
magniﬁcation images shown in Figure 5. Investigation
of the contributing factors to their occurrence (for
instance, die design, die wear, surface coatings, and
material pickup) was beyond the scope of this work.
However, the reader should note that die lines (caused
by pickup) rather than cracking often dictate the high-
temperature extrusion limit of aluminum alloys.[9]
For the M1 billet, an irregular roughening of the
surface was observed as the billet temperature was
increased (Figure 6). This is similar in appearance to the
‘‘orange peel’’ defect seen in sheet forming and always
occurred prior to cracking. A similar rough surface was
also encountered during extrusion at low billet temper-
atures and speeds. None of the other alloys displayed
this behavior.
An additional cosmetic defect observed during high-
temperature extrusion of the M1 and ZM21 alloys was
the formation of a black oxide on the extruded surface.
This defect was only observed in isolated samples
extruded just below the cracking limit temperature.
C. Extrusion Limit Diagrams
The pressure and surface quality data are plotted as
extrusion limits in Figure 7. These ﬁgures show the
limiting pressure for the lab press and the onset of
cracking in terms of the initial billet temperature and the
extrusion exit speed. Each limit diagram encompasses
multiple individual extrusions spanning a range of
conditions.
The surface condition was inspected and categorized
into one of four conditions. The open symbols shown
indicate a successful extrusion without the presence of
surface cracks. This category is further divided into
‘‘acceptable’’ (open circles), indicating visually smooth
and bright surfaces though some die lines may be
present, and ‘‘cosmetic damage’’ (open triangles), indi-
cating either defect ‘‘orange peel,’’ ‘‘blackening,’’ or
‘‘low speed roughening.’’ The shaded symbols represent
conditions where cracking initiated part way along the
length of the extrusion. The ﬁlled symbols indicate
severe cracking along the entire length. A locus was
drawn between the regions exhibiting cracking and no
cracking.
Extrusion conditions that generated a ram pressure
exceeding the 512 MPa capacity limit of the press are
indicated by the star symbols. The position of the
pressure limit locus was determined using semiempirical
equations. Combining Eqs. [1] through [3] with the
relationship between the ram speed, VR, and the
extrusion speed, VE (VE = RVR), yields



















where VE, DB, P, Q, and T have the units ms
-1, m, MPa,
J/mol, and degrees K, respectively.
The cosmetic orange peel defects observed with the
M1 alloy mean that the extrusion window is signiﬁcantly
smaller when surface ﬁnish is critical (Figure 7(b)). This
defect gradually increases in severity. As a consequence,
the corresponding limit is not as well deﬁned as the
cracking limit.
The extrusion limits presented in Figures 7(d) through
(f) represent AZ31 billet with diﬀerent initial pretreat-
ments and are compared in Figure 8. The broadest
Fig. 5—Examples of the surfaces obtained in the present work for
homogenized AZ31 billet extruded at 490 C, at VR 10 mms-1 (top)
and 7 mms-1 (bottom).
Fig. 6—An example of the surface obtained in the present work for
M1 billet showing the orange peel defect (extruded at VR 15 mms
-1
at 582 C).
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window corresponds to the wrought billet, with the
narrowest window the unhomogenized as-cast billet.
There is a signiﬁcant diﬀerence in the cracking limit
for the diﬀerent conditions at intermediate billet
temperatures. This diﬀerence is not apparent at high
temperatures, where all the samples display a similar
limit. A possible explanation for this is that at high
billet temperatures, the time spent (5 min) soaking
in situ is suﬃcient to provide a degree of homogeni-
zation or solid solution prior to extrusion. It is
pertinent to note that the limit window for the as-cast
and homogenized material is quite similar to that of
the wrought sample.
A comparison of the extrusion limits for the diﬀerent
alloys is provided in Figure 9. These limits relate to the
extrusion of wrought billets with the exception of ZK60
and AA6063, which represent billets that have been cast
and homogenized. For some alloys, the limits are
Fig. 7—Extrusion limit diagrams for the present study. The left (pressure) limit was determined using empirical model extrapolation. The right
(cracking) limit is a curve ﬁtted through the partial cracking data: (a) homogenized AA6063, (b) wrought M1, (c) wrought ZM21, (d) wrought
AZ31, (e) homogenized AZ31, (f) as-cast AZ31, (g) wrought AZ61, and (h) homogenized ZK60.
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incomplete due to the speed limitations of the press. By
reducing the pressure limit value in Eq. [5] from
512 MPa (Figure 9(a)) to 190 MPa (Figure 9(b)), smal-
ler operating windows are obtained. (Note that in each
case the cracking limit is unchanged.) This change
permits comparison of the maximum extrusion speeds.
For the 512 MPa ram pressure limit, the extrusion
windows of all the magnesium billets are smaller than
the aluminum grade. However, in Figure 9(b), the
extrusion window for the aluminum alloy falls within
that for M1. This can be understood in terms of the
reduced sensitivity of AA6063 to temperature and
extrusion speed (Figure 4(b)).
The maximum extrusion speeds vary from 1.4 to
100 m/min in Figure 9(b), but it should be remembered
that these values are speciﬁc to the present geometry and
assumed press limits. Nevertheless, the relative extrusion
rates for the diﬀerent alloys are expected to be of general
applicability. Inspection of Figure 9(b) reveals that the
relative maximum extrusion speed in alloy M1 is
~2.5 times faster than AA6063 if cracking is considered
the limiting factor. However, consideration of the
cosmetic limits brings the maximum extrusion speed of
M1 in line with that predicted for AA6063. Alloys
ZM21 and AZ31 show maximum extrusion speeds
44 and 18 pct, respectively, of that seen for AA6063.
Alloys AZ61 and ZK60 display maximum extrusion
speeds 4 and 3 pct of that seen in AA6063. These more
heavily alloyed magnesium alloys show quite low
maximum extrusion speeds.
It is interesting to note that the present data suggest
that the slow extrusion speeds of magnesium alloys
should be attributed to the nature of the particular
alloying additions employed rather than to an inherent
property of the metal. Alloy M1 extrudes here at a rate
comparable to AA6063, which is generally considered to
be a ‘‘fast’’ extruding aluminum alloy.
IV. DISCUSSION
A. Comparison with Other Workers
The present cracking limits agree quite well with other
published limits for wrought[8] and as-cast[16,18,19] AZ31
billet (Figures 10 and 11). Of note is the marked
improvement in the correlation of the present limits
Fig. 8—Eﬀect of billet condition on the extrusion limits of AZ31
(pressure limit: 512 MPa).
Fig. 9—Collated extrusion limit diagrams: (a) 512 MPa pressure limit and (b) 190 MPa pressure limit.
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with the published experimental data shown in Fig-
ure 11. This result highlights the inexact nature of the
earlier empirically modeled limits for AZ31.[16]
The present work may also be compared with the
limits of other magnesium alloys reported by Lass
et al.[25] Although limited information is provided about
the extrusion conditions in that study, a relative
comparison may be made by normalizing both data
sets to the maximum extrusion rate obtained for AZ31
(Figure 12). The arrows shown in the ﬁgure indicate that
the maximum extrusion rate was unable to be deter-
mined due to press limitations. Despite this, the general
trends in the reported maximum speeds are consistent
with the present work.
B. Modeling the Limits
To assist in understanding the extrusion behavior of
the present alloys, semiempirical expressions are devel-
oped in Sections 1 and 2 below to describe the pressure
limit (using the hot working ﬂow stress) and the
cracking limit (using the solidus temperature).
1. Pressure
The peak extrusion pressure, P, can be considered a
function of the material ﬂow stress, r, and the extrusion
parameters (extrusion ratio, friction conditions, die
complexity, and the length and diameter of the billet).[9]
As the extrusion parameter terms remain constant in the
present work, they may be grouped into a single
constant, k1, so the pressure can be approximated by
P ¼ k1r ½6
The material ﬂow stress of magnesium alloys can be
estimated from the deformation conditions by assuming
a power-law dependence on the Zener–Holloman
parameter.[30]
r ¼ k2Zm ¼ rref
Zmref
Zm ½7
where k2 is a constant, m is the strain rate sensitivity,
and rref is a reference ﬂow stress corresponding to a
reference Z condition, Zref. The reader should note that
a hyperbolic sine law dependence of the stress on Z is
generally employed for aluminum alloys, because it
describes both the low and high stress behaviors.
However, for the present extrusion conditions, the
stresses encountered are expected to be in the low stress
region,[16] where the hyperbolic sine law simpliﬁes to a
power law. Combining Eqs. [6] and [7] with Eqs. [1] and
[2] and rearranging gives
Fig. 10—Wrought AZ31 billet extrusion limits compared with the
cracking limit identiﬁed by Sillekens.[8]
Fig. 11—As-cast AZ31 billet extrusion limits compared with the
cracking limits identiﬁed by Barnett et al.[16] and Murai et al.[18,19]
Fig. 12—Maximum extrusion speed of present and published alloys
relative to homogenized AZ31 magnesium billet (AZ31 alloy = 1).
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where VE is the velocity of the extrusion exiting the die.
Grouping the terms constant in the present work into a
single constant, k, yields





2. Size of Operating Window
For the present purposes, we seek an expression for
the ‘‘width’’ (in degrees K) of the extrusion window at
some reference extrusion speed. (A speed of 1 m/min is
employed here because this value is suﬃciently low to
avoid the complication of overly high levels of defor-
mation heating.) This width, DT*, is the diﬀerence
between the temperature, TP, of the pressure limit and
the temperature, TC, of the cracking limit, at this speed.
The temperature, TP, corresponding to the pressure
limit, Plim (at the reference speed), can be obtained by
rearranging Eq. [9] and substituting unity for VE:
TP ¼ mQ
8:314 ln Plim=krrefð Þ
½10
To apply this expression, it is necessary to determine
values for rref. This was performed here using uniaxial
compression at a temperature of 350 C and a constant
strain rate of 1 s-1. The ﬂow curves thus obtained are
illustrated in Figure 13. (The ﬂow behavior of homog-
enized AZ31 is of note as its steady state stress is higher
than that obtained for the wrought AZ61 despite its
lower aluminum content. This may be attributable to
the inﬂuence of intermetallic particles in the homoge-
nized AZ31 material.) Values for rref were read oﬀ this
plot for values corresponding to a strain of unity. These
values provide an approximation for the steady-state
stress, which is expected to be most relevant for the
extrusion pressure.
In Figure 14, Eq. [10] is ﬁtted by adjusting k to the
values of TP obtained from Figure 9(a) for extrusion
speeds of 1 m/min. An m value of 0.14 was assumed for
all the magnesium alloys.[30] It can be seen that Eq. [10]
provides a reasonable description of the data.
Fig. 13—Flow curves from uniaxially compressed billet material at
350 C, 1 s-1 (AZ31 data taken from[31]).
Fig. 14—The billet temperature at the 512 MPa pressure limit vs
rref. In this case k=0.154. (Error bars are estimates of the range
based on repeat tests.)
Fig. 15—Solidus temperature vs the cracking limit temperature at a
VE of 1 m/min.
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In making this comparison, it is important to be
aware of the diﬀerences in deformation modes between
compression and extrusion. The stresses measured from
the compression test are of a similar magnitude to
those expected to be encountered during extrusion,[16]
but diﬀerences are expected due to diﬀerences in
crystallographic texture and strain severity. Neverthe-
less, it can be concluded that the relative pressure limits
obtained in the present extrusion experiments can be
rationalized fairly simply in terms of the relative hot
working ﬂow stresses.
The temperature, TC, corresponding to the cracking
limit should fall close to the solidus temperature.[9]
Accordingly, the solidus temperature, Tsol (ascertained
using THERMOCALC), is compared in Figure 15 with
the cracking limit temperature obtained in Figure 9(a)
for an extrusion rate of 1 m/min. The agreement
between the two values is good within the experimental
error. The solidus temperature thus provides a reason-
able ﬁrst-order estimate for the nominal billet temper-
ature at which cracking can be expected for the present
slow extrusion speed. In the case of faster extrusion
speeds, an increasing deviation between the two values is
expected due to the eﬀect of deformation heating.
The width of the extrusion window, DT*, at the
extrusion rate of 1 m/min, can thus be given by
DT ¼ Tsol  mQ
8:314 ln Plim=krrefð Þ
½11
Figure 16 compares the predicted with the experimental
values for DT*. It is clear that the width of the extrusion
limit windows of the present magnesium alloys can be
estimated using Eq. [11], once values for k, the reference
ﬂow stress and the solidus temperature are known. The
wider the extrusion limit window, the greater the
maximum extrusion speed.
V. CONCLUSIONS
1. The extrudability of magnesium alloys improves rela-
tive to aluminum (AA6063) with reducing Z values
(i.e., higher billet temperatures or slower rates) due to a
stronger influence of Z on the peak extrusion pressure.
2. Extruding homogenized AZ31 billet rather than as-
cast billet resulted in a 22 pct increase in the maxi-
mum extrusion speed. Similarly, processing pre-ex-
truded (wrought) AZ31 billet produced a 64 pct
increase in the maximum extrusion speed over as-
cast billet.
3. Although the M1 alloy exhibited the largest extru-
sion window of the magnesium alloys, the occur-
rence of the orange peel surface defect prior to
cracking reduces its relative extrudability if this de-
fect is to be avoided.
4. Alloying magnesium with aluminum or zinc lowers
the maximum extrusion speed.
5. The width of the extrusion window can be esti-
mated quite simply once the solidus temperature
and the ﬂow stress at a reference hot working con-
dition are known.
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